This paper reports an analysis of the protein composition of highly purified mammalian spliceosomes isolated by a two-step large-scale afitmity chromatography procedure. Splicing complexes were assembled in vitro on biotinylated pre-mRNA, fractionated by gel filtration, and then affinity-purified by binding to avidin-agarose. The purified spliceosomes are unexpectedly complex, containing at least 50 proteins that range in molecular mass from <14 to 200 kDa. Three complexes that assemble in the absence of ATP were also purified and characterized. These include a complex enriched in the small nuclear ribonucleoprotein particle U1 and nonspecific complexes assembled either on pre-mRNA or an RNA lacking splice sites. Comparison between these complexes and the spliceosome revealed a distinct set of pre-mRNA-specific proteins and a set of proteins that bind to pre-mRNA only in the presence of ATP. Proteins in these two classes, many of which do not correspond in size to known small nuclear ribonucleoprotein particle proteins, are strong candidates for functional splicing components.
Identification and characterization ofall ofthe components of the spliceosome (1-3) is a prerequisite for understanding the splicing mechanism. Spliceosomes are known to contain the small nuclear ribonucleoprotein particles (snRNPs) U1, U2, U4, U5, and U6, each of which consists of a small RNA and several proteins (4) (5) (6) . Other than the snRNPs, however, very little is known about the composition of the spliceosome. Genetic analyses in yeast (7) and in vitro complementation studies in mammals (8) (9) (10) (11) indicate that a large number of protein factors are required for spliceosome assembly and splicing. However, the analytical methods used to examine the small nuclear RNAs (snRNAs) in the spliceosome (12) (13) (14) (15) (16) (17) do not yield sufficient amounts of protein for direct analysis. In addition, it has been difficult to purify individual components of the spliceosome by biochemical fractionation.
In previous studies, large-scale isolation of functional spliceosomes was achieved using gel filtration (18, 19) . In this paper, gel filtration was combined with an affinitychromatography step (12) to obtain preparative amounts of highly purified spliceosomes. Analysis of these spliceosomes revealed a surprisingly complex protein composition. Many of the proteins do not correspond in size to known snRNP proteins and thus are candidates for non-snRNP splicing factors.
MATERIALS AND METHODS
RNA Synthesis and In Vitro Splicing. Large amounts of spliceosomes that are blocked after the first step of the splicing reaction were obtained using a pre-mRNA containing a long pyrimidine stretch but lacking the AG dinucleotide at the 3' splice site (pre-mRNA D, see figure 3 in ref. 20) . In figure 3 in addition, the pre-mRNA (H,3AAG) used in this study contains a tandem duplication of exon 2 to increase the efficiency of the affinity chromatography. The SP73 plasmid encoding H,8AAG pre-mRNA was linearized with EcoRI for synthesis with T7 polymerase in standard transcription reaction mixtures (21) with (12, 17) or without biotinylated UTP. RNAs were capped during transcription according to Konarska et al. (22) . The pre-mRNA lacking splice sites is the antisense of H,8AAG pre-mRNA and was transcribed with SP6 polymerase. In vitro splicing reactions were carried out as described (23) .
Splicing Complex Purification. Splicing reaction mixtures (1.5 ml) were fractionated on 1.5 x 50 cm Sephacryl S-500 columns as described (19) . Column fractions containing splicing complexes were then pooled, and avidin-agarose (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) pl/ml), 2 M dithiothreitol (1 ,ul/ml), and RNasin (Promega; 104 units/ml; 1 ,l/ml) were added. After mixing overnight at 4°C, the avidin-agarose was collected and washed once with 1 ml of 20 mM Tris HCl, pH 7.8/100 mM NaCl, followed by four 15-min 1-ml washes with the same buffer at 4°C. Proteins were eluted from the purified complexes as described in the figures. In a typical large-scale purification, 3.6 pAg of premRNA was added to the in vitro splicing reaction mixture (1.5 ml). Greater than 60% of this pre-mRNA is degraded to nucleotides by endogenous nucleases. A total of 200-300 ng of pre-mRNA is present in the peak spliceosome gel-filtration fractions. About 30-50% of the biotinylated pre-mRNA in these pooled fractions binds to the avidin-agarose whereas 0.2-2% of the non-biotinylated pre-mRNA binds.
RESULTS
A two-step large-scale affinity purification method was employed to purify spliceosomes. A similar approach was used independently by Pinto and Steitz (24) . Spliceosomes were assembled on biotinylated HjAAG pre-mRNA and then fractionated by gel filtration (Fig. 1A) . Fractions 32-35 of the spliceosome peak are highly enriched in exon 1 and the lariat-exon (Fig. 1B) . These fractions were pooled and incubated with avidin-agarose, and the bound complexes were eluted with SDS. As a control, the same procedure was carried out with spliceosomes assembled on non-biotinylated pre-mRNA. Analysis of the purified complexes by SDS/ polyacrylamide gel electrophoresis (Fig. 1C) revealed a large number of silver-stained bands, from =20 to 200 kDa, specifically associated with the biotinylated (lane 2) but not the non-biotinylated pre-mRNA (lane 1). Several of these bands are eliminated upon RNase treatment (Fig. 1C, lanes 2 and 3) , and all of the RNase-sensitive bands are present in the total RNA extracted from the affinity-purified spliceosomes (compare lanes 2, 3, and 4). The RNase-sensitive silver-stained bands corresponding to each snRNA were identified by comparison with individually purified snRNA markers (data not shown).
Abbreviations: snRNP, small nuclear ribonucleoprotein particle; snRNA, small nuclear RNA.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. To determine the level of enrichment of the spliceosomes achieved by the two-step fractionation procedure, affinitypurified spliceosomes were compared to spliceosomes purified by gel filtration alone. Interestingly, a comparison of total RNA (Fig. 1C, lanes 4 and 5) revealed a nearly identical snRNA composition. Similarly, many of the proteins appear to be common to both, although the relative intensities of the bands differ (Fig. 1D, lanes 1 and 2) (Fig. 2, lanes  1 and 3) . In addition, very low levels of U1 snRNA were detected in the H complex (lanes 1 and 3; binding proteins. The H complex protein composition is the same when the pre-mRNA is incubated in the presence of ATP (data not shown).
To determine whether the H complex contains any premRNA-specific proteins, H complexes assembled on an RNA lacking splice sites or on a functional pre-mRNA were compared (Fig. 3) . Although a few proteins unique to each RNA were detected, most of the proteins appeared to be the same between the two complexes (Fig. 3C) . These data indicate that many proteins bind non-specifically to RNA when it is incubated in the in vitro splicing extract.
Although the H complex is the predominant ATPindependent complex that assembles on HBAAG pre-mRNA, comparison of the gel-filtration column profiles with the pre-mRNA versus the RNA lacking splice sites revealed a small shoulder of radioactivity in fractions 31-36 that was unique to the pre-mRNA (designated E (Early) complex, Fig.  3A) . To determine the relationship among the H complex, the E complex, and the spliceosome, total RNA from each purified complex was examined (Fig. 4A) . These data, in conjunction with the silver-staining analysis of the snRNAs shown in Fig. 1C , lane 4, indicate that the H complex does not contain significant levels of any snRNA, the E complex is specifically enriched in U1 snRNA (lower levels of U2 and U4 snRNAs are also present), and the spliceosome contains primarily U2, U5, and U6 snRNAs.
The protein compositions of the H complex, E complex, and spliceosomes were also compared (Fig. 4 B and C) . The major proteins unique to the spliceosome are designated "C" in Fig. 4 B and C. The high molecular mass proteins (-50 kDa and greater) are shown in Fig. 4B and the low molecular mass proteins (-50 kDa and less) are shown in Fig. 4C . Some of the proteins in these complexes are unique to each complex and other proteins appear to be shared between one or more of the complexes (see below).
DISCUSSION
Analysis of affinity-purified mammalian spliceosomes assembled in vitro revealed a surprisingly complex protein composition. At least 50 proteins ranging in molecular mass from <14 to 200 kDa were detected in the purified complexes. In addition to functional spliceosome components, it is possible that some of these proteins are nonspecifically associated with the spliceosome whereas others may be proteolytic breakdown products or modified forms of the same protein. Thus, to identify potential candidates for functional spliceosome components, the protein composition of the spliceosome was compared to other complexes that assemble in vitro. The E complex is specifically enriched in U1 snRNP whereas the H complex is a nonspecific complex that assembles either on pre-mRNA or on an RNA lacking splice sites.
Comparison between these complexes and the spliceosome identified three distinct classes of proteins: The first class, identified in the H complex, binds to RNA whether or not it contains functional splice sites. This class of proteins also appears to be present in the E complex and spliceosome; although two-dimensional gel analysis is required to confirm this. The second class of proteins binds only to pre-mRNA and does not require ATP for binding. These proteins are present in the E complex and a subset of them appear to remain bound in the spliceosome. Finally, the third class of proteins is unique to the spliceosome and binds to pre-mRNA only in the presence of ATP (proteins labeled C in Fig. 4) . Interestingly, many of the pre-mRNA-specific proteins in the E complex and spliceosome do not correspond in size to known snRNP proteins. These proteins, especially those that require ATP for binding, are strong candidates for functional spliceosome components. (26) , and fractionated on an 8% denaturing polyacrylamide gel. The snRNAs and splicing intermediates are indicated. All three complexes contain RNA species about the size of tRNA (marked with bracket). The identity of this RNA is not known, although the tRNA-sized RNA may correspond to the X RNA observed in affinity-purified spliceosomes (12, 27) . Analysis of high molecular mass (B) and low molecular mass (C) proteins in affinity-purified complexes. Affinity-purified H complex (lane 1), E complex (lane 2), and spliceosome (C, lane 3) were treated with RNase A and then fractionated on a 5-10%o (B) or 10-18% (C) polyacrylamide gradient gel containing SDS. Molecular mass markers (kDa) are indicated. The bands designated by the C represent bands present only in the spliceosome. The observation that the H complex proteins are present in the E complex and spliceosome suggests that during splicing complex assembly in vitro, splicing factors bind to the required sequences, such as the splice sites and branch-point sequence, whereas the nonspecific H-complex proteins coat the remainder of the RNA. Whether these nonspecific proteins are associated with spliceosomes in vivo or play any functional role in splicing remains to be established.
Spliceosome Assembly Pathway. Although U1 snRNP is known to play a central role in splicing (8, 16, 28, 29) , distinct complexes containing this snRNP have been difficult to identify and purify (12, 13, 15, 25) . However, native gel electrophoresis conditions have been established (30) that allowed detection of a yeast U1-snRNP splicing complex, and the demonstration that this complex is a functional precursor to the spliceosome. Several observations suggest that the E complex identified in this study may be the mammalian equivalent of the yeast U1 snRNP complex (16, 30) . Both the yeast and mammalian complexes are specifically enriched in U1 snRNP, assemble on pre-mRNA rapidly, and do not require ATP for assembly. In addition, the E complex contains several pre-mRNA-specific proteins that also appear to be present in the spliceosome, suggesting that there may be a precursor-product relationship between these complexes. The observation that U1 snRNP is detected in the E complex but not the spliceosome, suggests that, like U4 snRNP (27) , U1 snRNP becomes less tightly associated with the spliceosome at or near the time of cleavage at the 5' splice site. However, both of these snRNPs do appear to remain associated with the spliceosome, albeit weakly, since they are detected when the complex is purified by other methods (18, 31) .
